Objectives: To investigate the effects of different test meals on esophageal and intragastric pH in patients with gastroesophageal reflux disease (GERD) and healthy subjects and to demonstrate the relationship between esophageal acid exposure (EAE) and gastric pH.
Diet modification is the basic treatment for patients with GERD, including decreasing the intake of fatty food, avoiding over-satiety, 4 and avoiding meals within 3 hours before bedtime. 5 However, the effects of meals of different volume, calorie, and fat content on esophageal acid exposure (EAE) are controversial. [6] [7] [8] In both healthy controls 6 and patients with GERD, 7 EAE was more severe after the intake of a large-volume meal than small-volume meal when the fat content was controlled. In a group of patients with GERD, EAE was more severe after the intake of a high-calorie diet than a low-calorie diet with the same fat content. In contrast, the frequency of reflux symptoms, but not EAE, increased after the intake of the high-fat diet. 9 Some of these discrepancies could be explained as follows. First, most studies did not classify patients with GERD into reflux esophagitis (RE) and NERD. The severity of EAE and response to different meals differed between patients with RE and NERD. [9] [10] [11] The results of studies that enrolled healthy controls only cannot be extrapolated to patients with GERD. 6, 8 In addition, the components of the test meals were variable among the studies. Therefore, further rigorously designed studies are required to confirm the effects of fat content and other parameters of meals on EAE in patients with GERD.
The acidity of the reflux contents is significantly correlated with gastric acidity in GERD during a reflux episode, 12 indicating a relationship between intragastric acidity and EAE. The main treatment for GERD is the administration of proton pump inhibitors (PPIs) to decrease acid secretion and reflux. In previous studies, 20-30% of the patients reported persistent symptoms despite standard treatment with PPIs. 13 When receiving maintenance PPI therapy, 48.7% presented residual symptoms associated with a lower quality of life.
14 Moreover, 47.8% with complete resolution of GERD experienced recurrent symptoms after the withdrawal of PPIs. 15 Moreover, the long-term use of PPIs may result in food-borne infections. 16 A feasible strategy for evaluating the effects of diet on patients with GERD and thus improving the use of dietary modifications, is to explore nonpharmacological treatments such as the intake of functional food to reduce the use of PPIs and to prevent against symptom relapse after the withdrawal of PPIs.
The aim of this study was to evaluate the effects of isocaloric and isovolumetric high-fat, standard, and functional food meals on esophageal and intragastric pH values in patients with both RE and NERD and healthy controls, thus to explore the relationship between gastric acidity and EAE and the therapeutic value of functional food in patients with GERD. 
| Esophageal manometry and pH monitoring
For GERD patients, acid-suppressive and prokinetic drugs were withdrawn at least one week before the study. Esophageal manometry was performed transnasally with a four-channel pneumohydraulic capillary infusion system (Medtronic, Minneapolis, MN, USA) 18, 19 according to the protocol in our previous study. 19 The pH electrodes were calibrated at room temperature. Ambulatory esophageal pH monitoring was performed transnasally by using a 
| Test meals
Isocaloric and isovolumetric solid soft meals (including high-fat, standard, and functional food meals) with approximately 800 kcal and a volume of 800 mL were provided to each participant. The participants were also allowed to have a small amount of water. 
| Data analysis and definitions
The baseline reflux symptoms evaluated in this study were heartburn, acid reflux, and retrosternal pain. Baseline reflux symptom scores over the previous three months were calculated according to the formula from the study of Vigneri et al.
21
: reflux symptom score = severity score × frequency score. The number of reflux symptoms was recorded during monitoring. Abnormal EAE in the distal esophagus was defined as a DeMeester score ≥14.72. 12, 22 Abnormal EAE in the upper border of the LES was defined as the percentage of the time when the pH <4 (over 10.6%
according to the studies of Wenner et al. 23 and Bansal et al. 24 ). Intragastric pH data were collected at C3 and C4 and expressed as the percentage time when the pH was <4, and <2, as well as the mean pH values.
| Statistical analysis
All the statistical analyses were performed using SPSS software Angeles A and six with Los Angeles B) and 14 with NERD, and 10 healthy subjects were enrolled in the current study. Two patients with NERD were then eliminated due to the imperfect contact of the electrodes; therefore, and the number of eligible NERD patients was 12. Additionally, two patients with RE were found to have hiatal hernia. Substantive differences were found in terms of the participants' age and body mass index (BMI) among the three groups, although the differences were not statistically significant ( in the distal esophagus of patients with RE and NERD and that of healthy subjects was 60%, 25%, and 0%, respectively (P = 0.006), whereas the prevalence of abnormal EAE in the upper border of the LES of patients with RE and NERD was higher than that in the distal esophagus (100% vs 60%, 75% vs 25%, P < 0.05; Figure 2B ). The score for long acid exposure (for over 5 minutes) was higher in patients with RE than in those with NERD and healthy subjects 
| Effects of high-fat meal, standard meal and functional food on EAE
No significant increase in EAE was observed during the 4 hours after the standard meal in patients with RE and NERD compared with the EAE before meals. No abnormal EAE occurred in healthy subjects. In patients with RE, the postprandial EAE at the first, second, third and fourth hour in the distal esophagus after the high-fat meal was significantly higher than the preprandial EAE, particularly at the second hour ( Figure 3A) . Moreover, 4 hours after the high-fat meal EAE was more severe than after standard and functional food meals ( Healthy subjects showed no significant increase after all three meals ( Figure 4C ). The functional food meal had no significant effect on EAE in the upper border of the LES.
Comparing the EAE of the patients in the three groups taking the same meal, we found that the EAE in the distal esophagus at the first There was no significant difference in postprandial EAE at 4 hours after the same meal at lunch, dinner, and breakfast in C1
(Supporting Information Figure S1 ). 
| Comparison of reflux symptoms after different test meals in patients with GERD

| Comparison of gastric acidity among different test meals
The percentage time of pH <4 and mean pH in the gastric fundus and gastric body were comparable before all the three kinds of test meals in patients with RE. And no significant difference in the percentage time of pH <4 was found in the gastric fundus after different meals ( Figure 5A ). The mean pH at the first and third postprandial hour in the gastric fundus was higher after the functional food meal than after the high-fat meal, and at the third postprandial hour it was also higher than that after the standard meal ( Figure 5B ). In the gastric body, the percentage time of pH <4 at the first postprandial hour was lower after the functional food meal than after the high-fat meal, and this index at the second postprandial hour was lower than that after the high-fat and standard meals ( Figure 5C ). In addition, the mean pH of the gastric body was higher after the functional food meal than after the high-fat meal at the first, second, third, and fourth postprandial hour ( Figure 5D ). The percentage time of pH <4 and mean pH in the gastric fundus and gastric body of patients with NERD and healthy subjects showed no significant difference among the three test meals (P > 0.05).
| Correlation of EAE and gastric acidity in patients with GERD
The 26-hour monitoring data demonstrated that the number of acid exposures in the distal esophagus was negatively correlated with the mean pH of the gastric fundus in patients with RE ( Figure 6A ). The pH parameters of the upper border of the LES were also correlated with gastric acidity (Figures 6B-E) . Even at night, the EAE and number of acid exposures in the distal esophagus were positively correlated with the percentage time of pH <4 in the gastric fundus (r = 0.81 and r = 0.70, both P < 0.05). No correlation was observed between EAE and gastric acidity in patients with NERD (data not shown).
| DISCUSSION
In the present study, we enrolled both patients with RE and NERD as well as healthy subjects, and isovolumetric and isocaloric high-fat, standard, and functional food meals were tested to eliminate the influence of diet volume and calorie content on EAE. The meals were randomly assigned to minimize the effects of test meals on the fasting status of the next meal. We found that a high-fat meal significantly increased postprandial EAE in patients with RE and NERD while a functional food meal reduced reflux symptoms in patients with NERD.
Reflux symptoms are usually triggered and aggravated by greasy foods; however, previous studies on the effects of high-fat meals on EAE have shown inconsistent results. 7, 8 Fox et al. 9 found no difference in EAE between high-fat (50%) and low-fat (25%) diets in patients with GERD without classifying it into RE and NERD. The present study showed that EAE in the distal esophagus and upper border of the LES increased after a high-fat meal in patients with RE and NERD after controlling the meal volume and calorie content. EAE at the first and third postprandial hour was more severe in patients with RE than in those with NERD, indicating that patients with RE responded more strongly to the high-fat meal. The high-fat meal increased EAE in patients with RE compared with standard and functional food meals at 4 hours after the meal, but it had no effect on reflux symptoms during pH monitoring.
The 4-electrode pH monitoring system described in this study can record simultaneously the pH of the distal esophagus, the upper border of the LES, the gastric fundus, and the gastric body. The site of the electrode in the upper border of the LES in this study was quite close to the monitoring site for short-segment reflux. [23] [24] [25] In patients with GERD, simultaneous monitoring of the pH in the upper border of the LES detected short-segment reflux in 80% of the patients with normal EAE in the distal esophagus, indicating that synchronous pH 30 which is an important component of the intercellular matrix. 31 Studies have shown that marine collagen peptides may reduce vascular endothelial cell injury 32 and improve healing in skin wounds following cesarean section in rats. 33 The wheat oligopeptides help to maintain the structural integrity of gastrointestinal epithelial cells 34 and may protect intestinal epithelial cells from oxidative stress FIGURE 5 Percentage time of pH <4 and mean pH before and after the intake of ( ) the high-fat meal, ( ) standard meal and ( ) functional food meal in the (A,B) gastric fundus and (C,D) gastric body. Postprandial intragastric pH parameters with different meals in patients with reflux esophagitis. P < 0.05 compared with * high-fat meal and ** standard meal in vitro. 35 Isomaltooligosaccharide may promote the intestinal bifidobacteria proliferation and improve intestinal excretory functions, 34 as well as ameliorate visceral hyperalgesia with repairing damage to the ileal epithelial ultrastructure in irritable bowel syndrome rat models.
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A. villosum increases the release of prostaglandin E2 from the gastric mucosa, thus reducing acid secretion. 37 Studies with large sample sizes are needed to verify the clinical adjuvant therapeutic effects of functional food.
This study had some limitations. Our sample size was relatively small, and inconsistencies in the demographic data might have influenced the results. Patients with RE had mild-to-moderate erosive lesions (Los Angeles A and B). In this study, we aimed to investigate 
